The electrical noise of mesoscopic devices can be strongly influenced by the quantum motion of electrons. To probe this effect, we have measured the current fluctuations at high frequency (5 to 90 gigahertz) using a superconductorinsulator-superconductor tunnel junction as an on-chip spectrum analyzer. By coupling this frequency-resolved noise detector to a quantum device, we can measure the high-frequency, nonsymmetrized noise as demonstrated for a Josephson junction. The same scheme is used to detect the current fluctuations arising from coherent charge oscillations in a two-level system, a superconducting charge qubit. A narrow band peak is observed in the spectral noise density at the frequency of the coherent charge oscillations.
, to find the system in state 1Ͼ oscillates in time with a frequency determined by the coupling strength. This prediction (2) has recently attracted much interest in the context of quantum computation, where TLSs form the physical realizations of the qubit building blocks. To determine the state of the qubit, some detection mechanism is needed. In the case of solid-state devices, the qubit state is often measured by means of the value of an electrical current (3) . We are interested in the fluctuations in the read-out current and how these are affected by the oscillating time evolution of a qubit.
The central idea is illustrated in Fig. 1 , B and C. Suppose an electron hops on a TLS and initially occupies state 0Ͼ. Due to the coupling between the two states (dashed arrow), P 1Ͼ starts to oscillate. The electron can leave the TLS toward the right only when P 1Ͼ is high. A new electron then repeats the cycle. Thus, the outgoing current consists of charge injections that preferentially occur near odd integers times half the oscillation period after the previous tunneling event (Fig. 1C) . The fluctuations in the current still bear this nonstochastic noise, and, instead of the usual white noise spectrum, a narrow band peak is expected at the frequency determined by the coupling strength.
The idea above is very general and theoretical predictions on narrow band noise exist for Bloch oscillations in a double quantum well (4) , charge oscillations in superconducting (5) and semiconducting qubits (6) , and electron spin resonance oscillations (7) . The experimental detection is difficult as the frequency, f, of the coherent oscillations is typically in the GHz range in order to fulfill the condition hf Ͼ Ͼ k B T, where k B T is the thermal energy (8) . We report a detection scheme from which we obtain the frequency-resolved spectral density of current noise in the range of 5 to 90 GHz (9) .
Our detection scheme follows the ideas of (10, 11) : a quantum device is coupled on-chip to a detector that converts the high-frequency noise signal into a direct current (DC). The on-chip coupling provides a large frequency bandwidth (ϳ100 GHz), whereas the conversion to DC allows standard amplification of the signal (12). Our detector is a superconductorinsulator-superconductor (SIS) tunnel junction ( fig. S2 ), known to be a sensitive microwave detector and well established in astronomy measurements (13) . For low-voltage bias, the gap (⌬) in the density of states prohibits tunneling of quasi-particles. However, for a bias V SIS , the absorption of a photon of energy ប that exceeds (2⌬-eV SIS ), can assist tunneling (inset of Fig. 2B ). This photon-assisted tunneling (PAT) current carries information on the number and the frequency of photons reaching the detector (14) .
To validate our noise detection, we have first measured on a Josephson junction ( Jj) for which the high-frequency fluctuations are well known ( Fig. 2A) (15) . A Josephson junction, biased such that eV Jj  Ͻ 2⌬, generates an alternating current (AC) of frequency f Jj ϭ 2eV Jj /h (16, 17) . The AC fluctuations are capacitively coupled to the detector side, where voltage fluctuations build up across the SIS junction. These electromagnetic fluctuations form microwave photons, which can be absorbed by tunneling quasiparticles. The measured PAT current through the SIS detector is shown in Fig. 2B (black solid curve). A clear step in the current is seen at V SIS ϭ 285 V. The derivative of this curve is a measure of the noise spectral density. Thus the noise of a Josephson junction is indeed found to be narrow band and, in this case, centered around (2⌬ -eV SIS ) ϭ 32.5 GHz consistent with the expected frequency f Jj ϭ 33.8 GHz for V Jj ϭ 70 V.
For a quantitative description, we consider an SIS junction subject to current fluctuations. The PAT current for a bias eV SIS Ͻ 2⌬ is given by (18) at the detector divided by current fluctuations from the source]. We emphasize that here the spectral density S I () corresponds to a nonsymmetrized noise correlator (10, 11, 19, 20) . Our SIS detector measures absorption of photons, which were emitted from the Josephson junction. Because the SIS detector itself is virtually noiseless for eV SIS Ͻ 2⌬, no emission from the detector occurs, and thus no absorption takes place in the Josephson junction. Under these conditions, we only measure the spectral density at (as commonly defined) negative frequencies, S I (-) (21). Equation 1 has been used to calculate the dashed curve in Fig. 2B , assuming a time-dependent current I(t)ϭI C sin(2 f Jj t) (or equivalently two delta-function noise peaks at ϩf Jj and -f Jj ). Using this AC Josephson current and the equation in (18), we recovered the standard equations for the PAT current [e.g. equation 3.4 of (14 )]. The value of Z() at ϭ 2 f Jj has been used as a fitting parameter in order to obtain good agreement with the experimental black solid curve of Fig. 2B . We have repeated this procedure for many different frequencies and, thus, obtained Z() from 10 to 80 GHz (Fig. 3B ). In this calculation, only the noise peak at -f Jj leads to a significant contribution to the PAT current (for eV SIS Ͻ 2⌬).
Biasing the Josephson junction, such that eV Jj Ͼ 2⌬, turns on quasi-particle tunneling. This tunneling is stochastic and gives rise to approximately white shot noise (1, 22) . The SIS detector current (red solid curve of Fig.  2B ) now appears very different from the narrow-band noise in the black solid curve. The dashed-dotted curve is calculated without any fit parameter. We have simply inserted Z() (i.e., the red line in Fig. 3B ) and the shot noise value, S I ()ϭ eI Jj (22), in Eq. 1 and obtained good agreement with the experiment. Importantly, S I () ϭ eI Jj corresponds to the nonsymmetrized noise value (the symmetrized noise is the Poissonian value equal to 2eI Jj ). The fact that only eI Jj fits our data demonstrates the first observation of nonsymmetrized noise in electrical conductors. Figure 3A is a plot of the detector current versus V Jj . The narrow-band AC Josephson noise and the white quasi-particle noise are clearly distinguishable with a transition at eV Jj ϭ 2⌬. Figure 3C shows that the quasi-particle noise depends linearly on I Jj , confirming the white shot noise character of this regime. We find that the resolution of this noise measurement is 80 fA 2 /Hz, corresponding to an equivalent noise temperature of 3 mK on a 1 k⍀ resistor.
To demonstrate narrow-band noise from an electrically driven qubit, we have chosen the Cooper Pair Box (CPB) as a physical realization of the TLS. The CPB is fabricated with the same aluminum technology as the SIS detector and, therefore, is easy to integrate on-chip (15) . The two-levels, 0Ͼ and 1Ͼ, correspond to N and Nϩ1 Cooper pairs in the box, which is controlled by the gate voltage V g (Fig. 4B, inset) . The two levels are coupled by the Josephson energy, E J , as illustrated in Fig. 1A (3, 23) . The coherent charge oscillation corresponds to one extra Cooper pair tunneling on and off the box. When P 1Ͼ is high, a sudden decay to the 0Ͼ state can take place by quasiparticle tunneling out of the qubit. The resulting current is expected to have narrow-band noise around a frequency f ϭ ͌ (4E C (Q/eϪ1)) 2 ϩE J 2 /h (5), which describes the energy difference between the two-levels in Fig. 1A . E C ϭe 2 /2C ⌺ is the charging energy, where C ⌺ is the total capacitance of the island and Q ϭ C g V g is the charge induced on the box. Because the decay is a stochastic process occurring around odd multiples times half the oscillation period, the narrow-band noise is not a delta peak as in the case of the AC Josephson effect. Instead, a broad peak is expected on top of a white shot noise background (5). The sudden quasi-particle decay is realized for bias and gate voltages near the so-called Josephson-QuasiParticle ( JQP) peak (3) . The average number of coherent charge oscillations is determined by the ratio E J /⌫, where ⌫ is the decay rate for the two quasiparticles (24 ). In our device, the Josephson 100 nA) , such that quasi-particle tunneling generates the noise. Eq. 1 is used to fit the dashed line to the black curve, obtaining Z(), and to calculate without fit parameters the dashed-dotted curve. (Inset) Schematic energy diagram of PAT across an SIS junction. The curve is the bare I SIS -V SIS characteristic (without noise), and the Josephson branch is suppressed by a magnetic flux due to the SQUID geometry of the detector, 2⌬ ϭ 420 eV. From the sample parameters, we calculated the transimpedance Z() Ϸ 900 ⍀. This is an overestimation because it neglects the stray capacitances, for instance, from the Pt wires to ground. junction has a superconducting quantum interference device (SQUID) geometry allowing to tune E J . Consequently, we can explore both the coherent (E J Ͼ ⌫) and incoherent (E J Ͻ ⌫) regime.
The CPB (Fig. 4 , B and C) is coupled to an SIS detector with the same on-chip circuitry as in Fig. 2 (fig. S1 ). First the CPB is characterized independently, and the JQP peak is identified (Fig. 4A, inset) . Figure  4A shows measurements of the PAT current through the SIS detector for different CPB gate voltages. The PAT current is rather high on the left side (Q/e Ͻ 1) of the JQP peak and small on the right side (Q/e Ͼ 1). This is attributed to the emission character of the left side of the JQP peak versus absorption on the right (25). On the absorption side (Q/e Ͼ 1), the small PAT signal is attributed to tunneling processes not related to the coherent dynamics of the CPB, leading to a background PAT current. Indeed, because no energy is available flowing toward the CPB, the spectral density of the current fluctuations on the absorption side is virtually zero.
On the left side, we observe more highfrequency components when moving away from the JQP peak center. To extract the noise component related to the JQP process, we subtract the small PAT current at high Q (Fig. 4B) . We then determined the dominant frequency component from the V SIS value where PAT became visible. (We checked the validity of this determination of the dominant frequency for the AC Josephson effect.) The V SIS values converted to frequencies were plotted versus Q (Fig. 4C) . The dominant frequency dependence on the charge on the CPB can be fitted by the energy difference between the two-levels of the CPB (solid curves in Fig. 4C ). We obtained a charging energy slightly higher than expected. The dominant frequency value for Q/e ϭ 1 is consistent with the value of E J in this sample [E J ϭ 50 eV ϭ 12 GHz for maximum coupling (26)]. Changing E J (by means of the flux through the SQUID) changes the dominant frequency for Q/e ϭ 1, as shown for the red data points. For small values of E J , the PAT signal becomes very weak and has a shot noise shape similar to the PAT curves for Q/e Ͼ 1 (Fig.  4A) . Indeed, in this incoherent regime ( ⌫ Ͼ E J ), a dominant frequency from narrow-band noise is not expected.
We have demonstrated narrow-band, highfrequency detection of nonsymmetrized noise. The quantum noise from a charge qubit shows a peak at the frequency of the coherent charge oscillation. The SIS detector is operated as an on-chip spectrum analyzer and is applicable for correlation measurements on a wide range of electronic quantum devices. . 21. When eV SIS Ͼ 2⌬, the SIS detector is sensitive to Ͼ 0. In this case, the PAT is a small correction on a large background current and difficult to measure. 22. Strictly speaking, the nonsymmetrized noise of a normal tunnel junction is not frequencyindependent. For eV Ͼ hf Ͼ Ͼ kT, one has S I ( f ) ϭ eI(1ϩhf/eV ) (10), where the frequency f can be negative or positive. The quasi-particle branch occurs for eV Ͼ 2⌬, which means that eV Ͼ hf and, consequently, that the frequency-dependent part of S I ( f ) is negligible in our range of parameters. This has been checked numerically. 23. V. Bouchiat, D. Vion, P. Joyez, D. Estève, M. H. Devoret, Physica Scripta T 76, 165 (1998). 24. From ⌫ ϭ (eVϩE C )/e 2 R P , where R P is the probe junction resistance, we deduce ⌫ ϭ 2 GHz. 25. The strong asymmetry in the JQP peak regarding emission and absorption was observed by Y. Nakamura et al. (30) . It is also consistent with recent theoretical predictions (31, 32) . Chloromethane (CH 3 Cl), the most abundant atmospheric halocarbon, contributes 16% of the organic chlorine in the troposphere and is the most important naturally occurring gas involved in stratospheric ozone depletion (1, 2) . Much research in recent years has focused on identifying and quantifying the sources and sinks of CH 3 Cl and attempting to understand the mechanisms of its production and degradation in nature. Despite these efforts, there is still a large uncertainty in the budget, with the best estimate of known sources being 1 to 2 Tg less than the estimated global sink of 4 Tg year Ϫ1 (2). Until 1996, most of the CH 3 Cl input to the atmosphere was believed to originate from the oceans, but more recent investigations have indicated that the marine source is relatively small (3) and that terrestrial sources, predominantly tropical, dominate the atmospheric budget (4) (5) (6) (7) (8) . The mechanisms of CH 3 Cl formation in terrestrial ecosystems are far from clear. Emissions of CH 3 Cl by plants and fungi have been tentatively ascribed to enzymic processes, but there is little convincing evidence that the kinetics of the enzymes isolated would permit significant release of CH 3 Cl in vivo (1, (9) (10) (11) ). An abiotic route for halomethane formation from humic substances in soil has been proposed (12), but its environmental importance is unknown. Although it has long (13) been recognized that the volatilization of Cl -as CH 3 Cl occurs during biomass burning, the mechanism remains uncertain. Emissions of CH 3 Cl by biomass burning, estimated at 1 Tg year Ϫ1 (5, 14) , have been ascribed to either free-radical processes during the combustion of cellulose (15, 16) or to the charcoal-catalyzed reaction of gaseous methanol and HCl produced by pyrolysis (17) . Here we describe the abiotic release of CH 3 Cl by senescent or dead plant material, both foliar and woody, at ambient and elevated temperatures and suggest that its formation from pectin may be the common process underlying CH 3 Cl emissions in a variety of ecosystems and during biomass burning.
We first investigated the fate of chloride in leaf and woody tissues of several plant species as temperature was progressively increased from 150°to 350°C over a 1.5-hour period in air (Fig. 1, A and B) . CH 3 Cl emissions of 40 to 2600 ng g Ϫ1 of dry weight (dw) min Ϫ1 were observed at the initial temperature of 150°C, but rose dramatically as the temperature was increased to 350°C. For most samples, CH 3 Cl release had terminated by the time 300°C was reached. When biomass was heated under N 2 , CH 3 Cl release exhibited a temperature profile similar to that obtained under aerobic conditions (Fig. 1A) . The efficiency of conversion of Cl -to CH 3 Cl during heating of both leaf and woody tissues of a variety of species was high, with quantitative yields being obtained from leaves of Norway maple (6.1 mg of CH 3 Cl g Ϫ1 dw) and from wood of horse chestnut (0.55 mg of CH 3 Cl g Ϫ1 dw) and Eucalyptus spp (1.3 to 1.7 mg of CH 3 Cl g Ϫ1 dw) (table S1) (18) . For biomass with higher Cl -levels, the percentage conversion was lower, although the actual amounts of CH 3 Cl produced could be very substantial (for example, 4.5 mg g Ϫ1 dw for ryegrass and 20 mg g Ϫ1 dw for the saltmarsh halophyte Batis maritima).
The comparatively low temperature associated with CH 3 Cl emission and the lack of an O 2 requirement clearly demonstrate that heating alone, rather than combustion, can readily account for the release of CH 3 Cl during biomass burning [during which Cl -volatilization as CH 3 Cl has been estimated at around 3% (5, 14) ]. Our results are consistent with observations that the highest yields of CH 3 Cl occur during the ignition phase of a fire, during smouldering combustion, and on the burning of foliage rather than wood (19, 20) .
Given that the leaf and woody tissues of a broad range of species yield large quantities of CH 3 Cl when heated, the chemical origin of the CH 3 moiety of the halomethane must be located in an abundant and ubiquitous plant structural component. One possible candidate is the biopolymer lignin, which can possess up to 15% methoxyl content. Accordingly, we measured CH 3 Cl production upon incremental heating of several types of extracted lignin in the presence of Cl -. Although substantial emissions of CH 3 Cl were observed at elevated temperatures, little volatilization of Cl -occurred below 250°C. Furthermore, leaf tissue contains little, if any, lignified cell wall material, so CH 3 Cl released during the heating of leaf material is unlikely to be ligninderived. Another important structural component located in the primary cell wall is pectin, a polysaccharide composed primarily of ␣-(1-4)-linked galacturonic acid units. The pectin content of the cell wall material of leaves normally ranges between 7 and 23% (21). The chemical determination of pectin content in wood is difficult, but immunological techniques indicate significant quantities (22). The pectin content of mature aspen wood has been estimated at ϳ3% (23). A
